W ithin reflection seismology, surface waves or ground roll, are often considered a form of unwanted sourcegenerated noise. Unlike body waves, surface waves propagate exclusively in the lateral direction and are virtually insensitive to structure deeper than one wavelength. For a nominal frequency of 5 Hz and phase velocity of 500 m/s, this means that a surface wave of the Rayleigh or Love type only feels the upper 100 m of the subsurface. As a result, surface waves cannot be used for imaging deep reflectors; however, they can be used to estimate near-surface properties (Xia et al., 1999; Ross et al., 2008) , in particular the shear-wave velocity. Knowledge of near-surface velocity structure in turn can be used to estimate shear-wave statics in reflection seismology. Estimating statics in the presence of laterally varying structure (i.e., obtaining the long-wavelength static component) can be challenging.
In this paper, we demonstrate that Rayleigh waves can image the laterally varying near-surface shear-wave velocity at the Coronation Field, Canada. We find that Rayleigh-wave group velocities exhibit a first-order dependence on the local topography and offer a simple explanation for this behavior. We refer to this behavior as "the topography effect" because we expect it holds for surface waves in a wide variety of settings. The topography effect offers a rare data-driven test for the accuracy of a tomogram. We find that fine-scale features observed in Rayleigh-wave tomography, which appear to be close to or below the resolution limit, do in fact correlate with the local topography and are resolved. A notable deviation from the topography effect exists at the Coronation Field, and we offer further explanations for why it may not be observed in particular cases. In areas where we observe the topography effect we obtain relatively good static corrections from the inverted shear-wave velocity depth model. The area where the topography effect breaks down at the Coronation Field poses a challenge for surface-wave imaging and subsequent statics determination. For such areas we likely need more advanced methods of surface-wave inversion.
Data and methods
The Coronation data set is the result of a large 3C-3D activesource dynamite survey in Alberta, Canada. In Figure 1 , we show an aerial photograph of a portion of the Coronation Field obtained from Google Earth. At the site, a pair of river drainages carves the landscape, flowing from west to east and merging together. We analyze a subset of the entire Coronation data set that includes one east-west line of 119 receivers, shown as red triangles in Figure 2 . The receiver line cuts across the center of the aerial photograph in Figure 1 ; the location of the aerial photograph is given as a black dashed box in Figure 2 Figure 2 , shoot into the 3C receivers and are spread out over an area approximately 2 × 4 km in the north-south and east-west directions, respectively. The entire subset of data we analyze consists of over 100,000 source-receiver pairs. We limit our analysis to vertical component data and, therefore, use Rayleigh waves to image the near-surface structure. The radial horizontal component also contains Rayleigh waves as expected. The transverse horizontal component does not contain any surface waves because the sources did not consistently excite Love waves. The recording time for the records at Coronation Field covers 6 s, which is plenty of time to record Rayleigh waves at the farthest offsets. N e a r -s u r f a c e m e a s u r e m e n t s i n e x p l o r a t i o n g e o p h y s i c s N e a r -s u r f a c e m e a s u r e m e n t s i n e x p l o r a t i o n g e o p h y s i c s of a series of narrowband versions of the signal (Abbott et al., 2006) . The dispersion curve is the maximum of the group velocity spectrum at each frequency. Because we know the offset for the source-receiver pair used in Figure 4 , we can convert the dispersion curve to group traveltime as a function of frequency. In this way, we measure group traveltime as a function of frequency for all source-receiver pairs at Coronation Field (> 100,000). Although group traveltime could be picked simply from the envelopes of narrowband-filtered seismograms, forming the group velocity spectrum and the dispersion curve offers advantages for applying quality conShown in Figure 3 are four selected shot records. Note that the sources do not coincide with the receiver line in these records. The Rayleigh waves are clearly visible as low-frequency arrivals following the direct wave. For these shot records, a faster-moving higher-mode Rayleigh wave exists in addition to the fundamental mode. We focus on the fundamental mode only because it is consistently observed in most shot records. Including the higher mode in the analysis in the future offers the possibility of sensing deeper into the near surface, since higher modes have a greater depth of penetration (Aki and Richards, 1980) . Accurate identification of the different modes can, however, be cumbersome in practice.
Group velocities
In Figure 4 , we show a group velocity dispersion curve computed for one of the vertical component recordings at the Coronation Field. Over the frequency band of 3-11 Hz, the group velocity decreases from 400 to 250 m/s. Note that, strictly speaking, the wavelength cannot be calculated from group velocities. As a rule of thumb, the group velocity is typically lower than the phase velocity. A phase velocity of 500 m/s at 3 Hz (slightly faster than the observed group velocity) would imply a wavelength of approximately 160 m. The wavelength is an important quantity because surface waves are effectively sensitive to shear-wave velocity to depths of at most one wavelength. The strongest sensitivity exists within a quarter wavelength of the surface.
Physically, the group velocity at a particular frequency corresponds to the arrival time of the maximum of the envelope of the Rayleigh-wave portion of the seismogram after narrowband filtering about the frequency of interest. The group velocity dispersion curve in Figure 4 is plotted along with the group velocity spectrum, a surface defined by the envelopes 
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trol to the picks. In particular, we require that the dispersion curve must satisfy the following criteria:
The derivative of the dispersion curve with frequency never exceeds 200 m/s/Hz The value of the group velocity spectrum along the dispersion curve is at least one-fourth of its maximum value over an interval of at least 4 Hz The mean of the dispersion curve is less than 500 m/s and greater than 200 m/s These criteria reflect the properties of a desired dispersion curve: it is relatively smooth, extends over a broad frequency band, and has group velocities similar to those observed over the entire survey during interactive data analysis. On average, dispersion curves associated with 20% of the seismograms qualify for entry into a group traveltime table. Once the qualifying picks from all of the source-receiver pairs have been entered into the group traveltime table, group velocity tomography can be applied to the picks at each frequency to form tomograms called group velocity maps.
Group velocity tomography is a method that can be traced back to at least Yanovskaya and Ditmar (1990) , although it was widely popularized by Ritzwoller and Levshin (1998) . It has recently become more popular with the advent of ambient noise tomography, which often leads to a group velocity tomography problem (Shapiro et al., 2005; Gerstoft et al., 2006; Lin et al., 2008; Masterlark et al., 2010) . Long and Kocaoglu (2001) and Abbott et al. (2006) have previously applied group velocity tomography to image the near surface. Haney et al. (2010) have applied the method to ground-penetrating radar data to image stream channels in Alaska. To implement group velocity tomography, we use the PRON-TO tomography code described by Aldridge and Oldenburg (1993) . The algorithm is based on a finite-difference solution of the eikonal equation and solves the inverse problem using a weighted-damped least-squares scheme. Originally designed for crosswell tomography, the 2D code is easily adapted to build Rayleigh-wave group velocity maps. In fact, PRONTO has previously been used for Rayleigh-wave group velocity tomography by Abbott et al. and Masterlark et al. . The model of the Coronation Field we implement within PRONTO consists of 60 × 30 cells in the east-west and north-south directions, respectively. Each cell is a square with sides 0.1 km in length. At each frequency, the initial model for tomography is taken to be laterally homogeneous and equal to the N e a r -s u r f a c e m e a s u r e m e n t s i n e x p l o r a t i o n g e o p h y s i c N e a r -s u r f a c e m e a s u r e m e n t s i n e x p l o r a t i o n g e o p h y s i c s average group velocity computed from all the entries in the group traveltime table at the frequency of interest. Figures 5a and 5c are group velocity maps at 5 Hz and 7 Hz. Note that the group velocities at 7 Hz are overall slightly lower than at 5 Hz, which is expected for a velocity structure that increases with depth. The laterally varying structure captured in both group velocity maps indicates a low-velocity area in the center of the survey that is bordered by higher-velocity areas to the north and southeast. Figures 5b and 5d show plots of checkerboard resolution tests and ray density maps at 5 Hz and 7 Hz, respectively. The checkerboard resolution test demonstrates which areas of the survey area are best-resolved by checking the ability of the tomography to return a known checkerboard model. The best-resolved areas tend to be the ones with the most ray coverage. As can be seen in Figure 5d , the ray coverage is most dense along the receiver line; however, the checkerboard resolution test shows that we can expect significant resolution away from the receiver line, in the area inside the box plotted in Figures 5a and 5b . Note that the checkerboard test in Figure 5 employs checkers that are 0.5 × 0.5 km. Appraisal of resolution at other scales would require additional checkerboard tests.
Results

Shown in
We compare the results of the group velocity tomography to the local topography at the Coronation Field in Figure 6 . We limit the area shown in Figure 6 to the box depicted in Figures 5a and 5b, because this covers the best-resolved part of the field. From a comparison of Figures 6a and 6b , we find that in general the tomogram displays a striking resemblance to the local topography. The group velocity is closely correlated to the elevation: areas at higher elevation generally have lower group velocity and vice versa. In Figures 6c and  6d , we show the same plots as in Figure 6a and 6b except that we mark three areas, numbered 1-3, that warrant further interpretation. Areas 1 and 2 show a strong correlation between the tomography result and topography, whereas area 3 does not. A particularly remarkable correlation is the small V-shaped river valley in area 1. This feature exists close to the resolution limit of the tomography, and in the absence of topography data, its interpretation would be suspect. However, it is clearly imaged in the tomography, although there may be a small error in the positioning of the feature. The hill between the two river drainages in area 2 is well correlated between the tomography and topography. N e a r -s u r f a c e m e a s u r e m e n t s i n e x p l o r a t i o n g e o p h y s i c s 
Figure 9. (a) and (c) show subsets of sources (green) among all other sources (blue) that are used to form small-aperture receiver gathers for phase-velocity analysis. Two different receivers are shown in (a) and (c). (b) and (d) are the phase-velocity spectra and associated dispersion curves estimated from the two different receiver gathers in (a) and (c).
Discussion
The observed correlation between the tomography and the topography in areas 1 and 2, which we refer to as the topography effect, has a straightforward explanation. We illustrate the origin of the correlation in Figure 7 . For the near surface at Coronation Field, we assume an Earth model that varies predominantly in the vertical direction. The velocity increases with depth from a level datum surface. Modifying this 1D model, the landscape has been incised by the two river drainages cutting across the field. This process has resulted in a rugged topographic surface cutting into the predominantly vertically varying structure. The undulating topographic surface causes the Rayleigh waves to be closer to higher-velocity material in the river valleys and closer to lower-velocity material on top of the hills. This behavior is conceptually pictured in Figure 7 , where the distinctive Rayleigh-wave fundamental mode shape is shown on top of a hill and within a river valley. As can be seen, the Rayleigh wave feels more low-velocity material on top of the hill and more high-velocity material in the river valley. This is the same dependence between the tomography and topography observed in areas 1 and 2 in Figure 6 . The topography effect is strengthened by the fact that, in the valleys, the mode shape stretches further into the subsurface because the velocity is higher. This is because the skin depth of the mode shape is proportional to the wavelength.
A counterexample to the topography effect exists within area 3 in Figure 6 . Area 3 mostly includes a river valley and, although the elevation is low, the group velocity is lower than for other valleys with similar elevations. An explanation for this breakdown of the topography effect is given in Figure  8 . In an area of strong velocity reduction and extremely low velocities in the immediate near surface, the mode shape of the Rayleigh waves changes significantly and becomes more concentrated at shallower depths. Thus, the Rayleigh wave overcomes the topography effect and exhibits lower velocity. We illustrate this in Figure 8 by showing a shallow subsurface region with extremely low velocity in a valley. The location of area 3 is plotted in Figure 1 as a white dashed box. The area coincides with a meander in the river channel, indicating that the Rayleigh-wave velocity may be strongly reduced due to high water saturation in the near surface or thick cover of river sediments.
Further insights
In addition to group velocity tomography, we have also analyzed Rayleigh-wave phase velocities along the receiver line at Coronation Field. The phase velocities offer additional insights into the source of the breakdown in the topography effect in area 3, which sits on the eastern end of the receiver line. We show in Figure 9 the method we use for phase-velocity analysis for two different receivers along the line. In Figures 9a and 9c, the locations of sources with offsets greater than 300 m are plotted as blue circles and those with offsets less than 300 m are plotted as green circles. We form smallaperture gathers at each receiver using the near-offset sources shown in green in Figures 9a and 9c. To these receiver gathers, we apply linear-moveout stacking to estimate phase velocity as a function of frequency under each gather. Note that, by reciprocity, each receiver gather is effectively a smallaperture source gather. The phase-velocity dispersion curves we estimate are plotted along with the phase-velocity spectra in Figures 9b and 9d for two different receiver gathers. After estimating dispersion curves under each receiver, we plot a phase-velocity pseudodepth section in Figure 10a . By considering each dispersion curve separately, this pseudodepth section can be inverted for a depth model of the shear-wave velocity immediately under each receiver. Figure  10b shows the predicted phase-velocity pseudodepth section using the depth model we obtain from this inversion. The match between Figures 10a and 10b demonstrates that the depth model we estimate from the phase velocities can adequately reproduce the observed dispersion curves.
Finally, we calculate shear-wave static corrections for each receiver using the obtained shear-wave velocity model. Applying these static corrections to a converted-wave common-receiver stack should result in a flat record section, because the deep reflectors at Coronation Field are known from P-wave sections to be generally horizontal. We show the commonreceiver stack with shear-wave statics applied in Figure 11a . Note that we do not consider the source-side P-wave statics because the total static correction is dominated by the receiver statics, these being converted waves. After application of the receiver statics, the reflectors in the section are indeed mostly horizontally aligned except for a prominent U-shaped feature on the eastern side of the receiver line. This means that the depth model derived from the Rayleigh dispersion has compensated for the statics along the entire receiver line, except near the location of the U-shaped feature. It turns out that the U-shaped feature is in the same location as area 3 in Figure 6 and the white dashed box in Figure 1 . This area, where the topography effect is not observed, poses a considerable challenge for imaging the near surface and estimating statics.
We have also built a depth model along the receiver line from the inversion of group velocity maps (Abbott et al.; Masterlark et al.) and applied the associated statics ( Figure  11b ). In this case, the U-shaped feature still exists on the eastern end of the receiver line and is thus not an artefact of using either phase-or group-velocity inversion. It is slightly more pronounced on the group-velocity derived result than on the one derived from the phase velocities. The presence of the U-shaped feature indicates that an improved depth model should have lower velocities on the eastern end of the receiver line than suggested by the group velocity tomography. In other words, the breakdown of the topography effect in area 3, as shown in Figure 6 , should be even more substantial than determined from the tomography. This again emphasizes the extremely low Rayleigh-wave velocities that must be present near the location of the U-shaped feature along the receiver line.
Conclusion
We have presented an analysis of Rayleigh waves at the Coronation Field using group-velocity tomography and phasevelocity inversion. Preliminary evidence has been provided for the topography effect-a remarkable correlation between Rayleigh wave group velocity maps and the local topography. Our explanation for this behavior, based on a predominantly vertically varying structure beneath a rugged topographic surface, implies that the topography effect should be observed widely in surface-wave tomography on land. Where the topography effect is observed, the shear-wave velocity depth model, obtained from inverting Rayleigh-wave dispersion curves, provides a relatively good static solution, with the phase-velocity inversion capturing slightly more of the long-wavelength static component than does the groupvelocity inversion. A significant deviation from the topography effect exists on the eastern end of the receiver line at Coronation Field and points to extremely low velocities in the immediate near surface. The strong lateral heterogeneity in that location makes it difficult to estimate statics using inversion of Rayleigh wave dispersion and requires more ad- 
